We present longitudinal control laws for vehicles moving in an Intelligent V ehicle Highway S y s t e m IVHS 1 2 . In particular the scenario where cars move along the highway in tightly spaced platoons is considered. We present c o n trol schemes that perform the major longitudinal tasks that will be required from the lead vehicle of a platoon moving on an automated highway. More speci cally schemes that maintain safe spacing, track an optimal velocity and perform various maneuvers forming, breaking up platoons and changing lanes are described. Simulation results are given in the Appendix.
Introduction
The work presented here was carried out with the particular IVHS structure of 3 in mind. In this context it is assumed that tra c in a lane travels in platoons. Inside a platoon all the vehicles follow the leader with a small intra-platoon separation of 1 meter. The inter-platoon spacing is assumed to be large so as to isolate the platoons from each other.
Obviously the control of such a large scale system poses a formidable problem. The control structure suggested in 3 consists of three layers. The top layer, called the link layer, coordinates the operation of the whole highway, the second layer, called the coordination layer, coordinates the operation of neighboring platoons and the bottom layer, the regulation layer, deals with the dynamics of individual Research supported by t h e P ATH program, Institute of Transportation Studies, University of California, Berkeley under MOU 100 vehicles. Our work focuses on the regulation layer.
Within the platooning framework the regulation layer operation can be divided into two m a i n modes: leader and follower. Controllers for the latter have already been designed and tested both in simulation and in experiments see 4 , 5 , 6 , 7 . We propose a controller for the leader mode. Such a c o n troller should be able to perform three main tasks. The rst is to follow the preceding platoon at a safe distance. The distance between two platoons is chosen so that if the platoon in front applies maximum deceleration and stops, then the platoon behind should be able to respond, without a collision occurring. We consider a safety distance de ned in the following way D i = a x i + v _ x i + p 1 where _ x i and x i denote the velocity and acceleration of platoon i respectively. For normal operation, we take a = 0 ; v = 1 s e c ; p = 10m; in other words we use a constant time separation between two platoons. If the preceding platoon uses maximum deceleration to come to a complete halt the following platoon gets at least v seconds to reach maximum deceleration and still come to a halt without a collision occurring. p speci es the separation between platoons when they are stopped and also provides a safety margin the at least" term in the above sentence.
The second task that the controller should perform is to track an optimal velocity as closely as possible. The optimal velocity is calculated by t h e link layer and is such that the ow of cars on the highway is maximized. Of course maintaining the safety distance has a higher priority. A controller design Figure 1: Notation that performs both these tasks is described in Section 3. Finally, in the platooning framework, the lead controller should perform a third task, namely engage the lead cars in certain maneuvers. Leaders should be able to join other platoons, take o ver when a platoon splits up and change lanes or decelerate in order to facilitate lane changes. Controllers that calculate and track trajectories for such m a n e u v ers are described in Section 4. The lead car of each platoon should maintain the inter-platoon distance equal to the safety d i stance given by 1 while following the speed of the platoon in front. If there is no car in the range of the distance sensor of the leader, then the lead car should follow the optimal speed provided by the link layer. These two objectives specify the steady state operation of the leader.
Control Objectives, Notation and Assumptions
The lead vehicle will inevitably be disturbed from its steady state by the merge, split and change lane maneuvers. In addition to these routine maneuvers, there will be some occasional disturbances because of unexpected conditions on the road; for example, cars changing lane without communicating, break downs etc. Many of these disturbances can propagate along the highway and may e v en get magni ed as they do so, causing an accident up stream of the disturbance. The lead controller should be able to respond to such emergencies while avoiding this slinky e ect and maintaining its state as close to the steady state as possible.
Another important aspect to consider while designing a lead controller is the ride quality for the passengers and the limits on the achievable acceleration and jerk imposed by the car. The bounds on the acceleration are determined by the potential of the car and the road conditions. For our design we t a k e them as ,5m=s 2 for deceleration and 2m=s 2 for acceleration. These are reasonable limits for normal operation as, under fair road conditions, modern cars can easily achieve and exceed them. Under adverse conditions rain, breakdowns the bounds on the acceleration can be considerably tighter. Investigation of the proposed controller performance under such conditions is currently under way. The bounds on the jerk are imposed primarily by the requirement for a comfortable ride and not by v ehicle limitations.
We t a k e them as 5m=s 3 . Because the limits on the jerk are not imposed by saturation, they can be violated if there is some safety problem.
We assume that the lead vehicle is equipped with sensors which can provide measurements of the relative distance and speed of the vehicle in front, as well as its own velocity and acceleration. We also assume that the sensors can provide accurate measurements for distances up to 60 meters. Finally, we assume no communication between platoons. In this respect our lead controller can be classi ed as an Autonomous Intelligent Cruise Control AICC law.
With these assumptions and objectives in mind, we present the longitudinal controller for the lead car of a platoon. Section 2 describes the model of the car. In Section 3 we present the lead controller which will be used all the time except when the lead car is engaged in a maneuver. Section 4 outlines the design of specialized control laws for the individual maneuvers of merge, split and change lane. Simulation results are presented in the Appendix.
Model of the car
The equations used to model the motion of the car are the same as the ones used in 8 a n d 9 . The motion is summarized by a non linear, third order, ordinary x i , x i can be measured directly, so that full state feedback is possible without the use of an observer.
2. m i , i , K di , d mi are known. This is quite a strong assumption as these quantities are usually known only approximately and might c hange with time, even for the same car. However it allows us to linearize the model by state feedback as discussed in the next section see also 8 , 9 . An adaptive version of the controller may be designed at a later stage to relax this assumption somewhat see 10 . 3 Intelligent Cruise Control Design
The controller design was carried out in 2 stages, as outlined in Figure 2 . In the rst stage inner loop nonlinear feedback w as used to make the intermediate closed loop system input-output from v to y linear. In the second stage outer loop controllers for the linear system were designed.
Linearizing Control
For a particular class of nonlinear systems it is possible to nd a state feedback control law s u c h that the The objective n o w i s t o c hoose a suitable v to achieve the desired performance.
Linear Controller Design
Let us de ne two new variables:
x i + p 6 where v i is the relative v elocity of platoons i and i,1 expressed as a percentage of the velocity of the i th platoon and e i is the error between the actual and safe inter-platoon spacing. In these coordinates the steady state operating condition de ned in the previous section is given by v i = 0 and e i = 0 .
For small disturbances which k eep the state close to the operating condition, we can use the following PID controller, suggested by S. Sheikholeslam 6 : The transfer function Hs is stable. The impulse response ht is greater than zero for all t, to ensure that there will be no overshoot. This is desirable as it guarantees that the disturbance will not be magni ed as it propagates form one platoon to the next. Hs = s + 6 2 s + 3 4 9
For this choice of parameters the transfer function satis es all the conditions listed above. The control law in 7 was tested by s i m ulation. Although it guarantees rapid convergence to the desired equilibrium point safe spacing and zero velocity mismatch, it can only be used locally, in a small neighborhood of this equilibrium point. The reason is that this controller tends to produce very large accelerations and decelerations well outside the -5,2 m=s 2 speci cation even when presented with moderate displacements from its equilibrium. In a typical example the response due to a step input in the spacing error of a few meters e.g. a reduction of 10 meters displayed decelerations as large as 20 m=s 2 . An input like this is plausible; it may correspond to a vehicle moving into the lane ahead of a platoon or the lead control taking over after a merge maneuver was aborted half way through. The reason for the poor performance is the fact that the linear control law in 7 requires exponential convergence of the state, which in turn requires large inputs.
In an e ort to resolve the problem without extensive redesign, the location of the poles was augmented to produce a milder response. The improvement obtained in this way w as minor. The accelerations produced for moderate inputs were still outside the required bounds. In a further attempt, a saturation function was introduced to cut" the jerk input whenever the acceleration bounds were reached. Again the results were unacceptable instability o ccurred in most cases.
Extensive s i m ulation and experimentation with various control laws suggested that it is very unlikely that a single law will be able to produce acceptable performance i.e. satisfy the acceleration and jerk bounds, when faced with various large displacements from the equilibrium point. Note that performance under such large displacements is an important requirement for an AICC control law i n a n I V H S framework, as will become apparent b y subsequent comments. The controller we propose below utilizes di erent l a ws in di erent regions of the state space. Simulation results, summarized in the Appendix, indicate that, for realistic inputs, our controller satis es the acceleration and jerk bounds. We are currently working on an analytic proof of the above statement.
We divide the e,v plane of the state space of each leader into four regions according to Figure 3 . The names of the regions indicate the nature of the control law used. The following cases represent t ypical incidents on a highway which will cause a transition of the state of leader from the nominal operating condition e i = v i = 0 to one of the regions. 1. If there is no car in the range of the distance sensor of leader i, then the only control objective is to track the optimal velocity provided by the link layer. The error in the safety distance is unde ned in this case as there is no car in front and can be assumed to be e i 0.
2. In the previous scenario the distance sensor may detect a car far ahead say a t 6 0 m. If the velocity of this car is lower than _ x i the state of leader i will be such that e i 0 and v i 0. This corresponds to the fourth quadrant of the e , v plane. The opposite a faster car will lead to a point in the rst quadrant.
Control laws were designed for each region taking into account passenger comfort and safety r equirements. Then a switching mechanism was introduced to combine these di erent regional control laws to get a single controller. The goal of every regional control law i s t o t a k e the system to the operating condition given by e i = v i = 0 . A t steady state we will use the PID controller of 7, that will take care of minor disturbances. The movement of other vehicles on the highway will change the state of the leader i from the steady state operating point to a point in one of the regions. Then the uni ed control law will take it back to the steady state operating point without violating the constraints. We n o w describe in detail the working of the individual controllers.
Region 1: Modi ed Pole Placement
Here e i 0 a n d t h e v elocity mismatch is negligible.
For this case, we modify the PID law of 7 in the following manner. Thus instead of reacting to a disturbance instantaneously, w e can control the rate at which the system responds so that the trajectory remains inside the passenger comfort limits. In other words, we a r e converting the step change in e i to a ramp change in e i corresponding to a step change in v i . 
Region 2: Track S e l f V elocity
In this region, the car in front is closer than desired but moving faster: e i 0 and v i 0. Therefore if the leader i keeps moving at constant v elocity then, after some time, e i will be greater than zero and the state will drift into the track optimal velocity region. The following control law will guarantee that the velocity remains constant. 
Region 3: Track V elocity of previous car
In this case, the car in front is closer than desired and moving slower, e i 0 and v i 0. As the safety distance is a ne in the velocity, during the process of bringing v i to zero, the safety distance and hence e i are constantly changing. A controller of the form of 7 puts more emphasis on getting e i to zero, whereas in this case, the velocity mismatch i s m o r e serious. Thus we design a state feedback c o n troller which puts equal emphasis on v i and e i . W e de ne a desired velocity _ x di = _ x i,1 and the desired spacing x di = x i,1 ,L i,1 , v _ x i + p and use a control law of the form:
where k 1 = ,3, k 2 = ,3, k 3 = ,1 to place poles at -1. As this situation is safety critical for some values of e i 0 and v i 0, the passenger comfort standards may be violated for a small amount of time until we attain the desired safety distance.
Region 4: Track Optimal Velocity
As mentioned above, this region has to deal with two cases: 1. No car is within the sensor range or the car ahead is far away e i 0 and moving faster than the optimal velocity. In this case the task is to track the optimal velocity p r o vided by the link layer. This is done by creating a desired trajectory,
x di t, that will bring the vehicle from the current to the optimal velocity. The trajectory we chose was obtained by linearly interpolating between the two v elocities. Once the trajectory is available a feedback l a w like the one in 16 is used to guarantee tracking. 2. The previous car is far and is moving at optimal speed or less. Then the task is to track the velocity of the preceding car and maintain the safety distance. This scenario is very similar to the one in the Track velocity of previous car region. We will create a trajectory that will produce the desired car velocity and spacing corresponding to the car in front and then apply a control law similar to the one described above:
x i = k 1 x i + k 2 _ x i , _ x i,1 , k 3 e i with k 1 = ,1:5, k 2 = ,0:75, k 3 = ,0:125. The only di erence is that the poles are closer to the origin in this case, as the situation is not safety critical and slower and therefore more comfortable response is acceptable.
Smooth Switching
Whenever the state of the leader goes from one region to the other, the control law should also change Performance analysis with the uni ed controller under certain simplifying assumptions is presented in the Appendix, along with simulation results for typical tra c scenarios. We present the design of specialized control laws for merge, split and change lane maneuvers in the next section.
Maneuver Control Laws
The controller described in the previous section is designed to maintain safe spacing and track the optimal velocity as closely as possible. Apart from this default mode of operation, however, the leader of a platoon will occasionally have to engage in other maneuvers as the platoon moves along the automated highway. There are three such basic maneuvers: em merge,
and therefore the design of the controllers that carry them out is very similar.
Merge is the action taken by t wo platoons that want to become one. Of course both platoons should be in the same lane. The following platoon, which is the one that requests the merge, should accelerate, catch up with the leading platoon and join it. Split is exactly the opposite: a follower becomes the leader of all the cars that follow it in the same platoon and decelerates to a safe distance from the mother platoon. Finally Change Lane, the most complicated of the three maneuvers, is used whenever a free agent one car platoon wants to move from one lane to the next; it is mandated that only free agents will be able to carry out this maneuver. Lane changing involves the deceleration of either the free agent that wants to change lane or the platoon in the lane that the free agent w ants to move to. The deceleration is such that the free agent ends up in a position relative to the adjacent lane tra c from where it can safely move o ver. So, apart from the obvious lateral action, change lane also involves longitudinal control.
It is clear that all these maneuvers involve both coordination and regulation layer control. The protocols required in the coordination layer have a lready been developed and veri ed see 3 and 13 . We will only deal with how the regulation layer responds to commands issued by the coordination layer requesting some maneuver. The coordination of the two l a yers will be the subject of further research.
Note that split can already be handled by the controller described in the previous section see for example Figure 11 . Merge and change lane may also be performed in a similar way. These maneuvers, however, will be routinely carried out by the leader vehicles, therefore they need to be optimized with respect to time. If the maneuvers are carried out by t h e cruise controller of Section 3 they need about 20 seconds and utilize only a small percentage of the potential of the car for acceleration deceleration. Therefore maneuvers under cruise control will be used only in the case of an emergency e.g. aborted maneuver or a car changing lane without communicating. For regular operation, maneuvers that make use of a greater percentage of the cars potential while staying well within the required limits, were designed. The controllers considered for this task involve t wo stages: . Note that the time intervals t 1 , t 3 , t 2 , t 5 , t 4 are completely speci ed by the limits on acceleration and jerk and the initial acceleration a 0 . Hence, the problem reduces to calculating t 2 , t 1 and t 4 ,t 3 to achieve the desired nal spacing and velocity. More speci cally these time intervals should be chosen so that the area under the acceleration curve is equal to v 0 while the area under the velocity curve is equal to d 0 minus the intra-platoon spacing. This leads to two equations, one linear and one quadratic, that, together with the three equations for t 1 , t 3 ,t 2 , t 5 , t 4 , can be solved to obtain the times t 1 , t 2 t 3 , t 4 and t 5 .
Note that the above trajectory is designed under the assumption that the acceleration of the preceding platoon is zero, which, of course, need not necessarily be true. This is the main reasons in addition to stabilizing about the trajectory in case of disturbances why asymptotic tracking is needed. The feedback c o n troller used for this purpose is:
where L i,1 is the length of the car and k 2 = ,9, k 1 = ,27, k 0 = ,27 to place poles at -3. Note that because we assume that no communication between the platoons will take place, only the distance and velocity of the leading platoon, which are measured through sensors, are available to the controller. This is why the acceleration of the preceding platoon is not used in the feedback l a w. The controller described above w as implemented and tested in simulation. Typical results are given in the Appendix.
Split
The objective of a split maneuver is to take a pair of vehicles, initially at intra-platoon spacing and zero velocity mismatch, to inter-platoon safe spacing and zero velocity mismatch. The limits of acceleration and jerk should be maintained and we assume that communication is interrupted the moment the split begins, so that the maneuver has to be completed using only sensor readings. The trajectory used is the opposite of the one used for merge, but simpli ed because both initial and nal velocity mismatch i s zero Figure 5 .
The jerk and acceleration limits are the same as above. Again the design involves choosing the time intervals t 2 ,t 1 and t 4 ,t 3 to achieve the desired spacing. Note that the nal spacing depends on the initial velocity of the vehicles. The safe spacing at the end of the maneuver, however, depends on their nal velocity. This is only a minor problem because the di erence between nal and safe spacing will be small in the order of a few meters. As demonstrated in Section 3 the AICC control law is perfectly capable of dealing with such a mismatch, when it is activated after the completion of the split maneuver.
Alternatively a slight modi cation of the tracking controller can be used. Let d safe0 be the safe spacing used in the calculation and d safe the safe spacing based on the current v elocity of the car ahead. Then the tracking controller can be set to:
By penalizing the mismatch b e t ween desired and actual safe spacing we force the nal spacing closer to what it should be.
Change Lane
The longitudinal action required for changing lanes is summarized in the Figure 6 .
Free agent A w ants to change to the lane where platoon B is moving. It is assumed, for purposes of safety, that A can move o ver only if its speed is close to that of B and their spacing is close to the safety distance. There are three scenarios that allow A t o m o ve o ver in safety: A has to decelerate and move in behind B, B has to decelerate and let A in ahead of it or B has to split and let A enter in the middle. Which of the three alternatives is chosen is decided by the coordination layer | the immediate superior of the regulation layer in the control hierarchy. The regulation layer is only asked to carry out the chosen maneuver.
All three maneuvers can be done by s o m e more elaborate form of split described above. The third maneuver involves a split of a platoon to a larger spacing than safety approximately twice as much. The rst can be visualized as a split of A from an imaginary platoon with the position and velocity o f The complication arises from the fact that, unlike the usual split case, both the initial spacing and the initial velocity mismatch are non-zero and may t a k e v alues positive or negative in a very wide range. In contrast, the usual split only has to deal with situations where both cars move at the same speed and their original spacing is equal to a xed, positive v alue. It turns out that it may not be possible to nd a trajectory for the given pair of a max and a min in some cases. For example, suppose that the following situation is encountered: the platoons are initially close to the safety distance but the one that is ahead moves much faster. In this case starting by decelerating A up to a min will lead to an error in the calculation of the time intervals t 2 ,t 1 and t 4 ,t 3 more speci cally t 2 , t 1 0. This is, of course, unacceptable in the trajectory calculations. To be able to deal with problems like this, the controller adapts the values of a max and a min during the calculations. For example, in the above case when t 2 , t 1 0 i s obtained, a min is increased and the calculation is repeated. Similarly, whenever t 4 , t 3 0 is obtained, In other words, it merges with an imaginary platoon situated at the safety distance and moving with the same velocity as B, without any i n ter-platoon spacing Figure 8 .
To insure that as few maneuvers as possible are aborted, a similar technique was also used in the calculation of the merge trajectories. Merge is ideally invoked when the cars are moving at similar speeds and approximately safe spacing, therefore this is probably redundant. It was added to make sure that unusual situations can also be handled, thus giving more exibility to the design.
A control law based on such trajectories and the asymptotic tracking feedback i n 1 8 w as simulated. Typical results are given in the Appendix.
The biggest problem with the change lane longitudinal trajectories is deciding when to abort 
Conclusions
We presented a longitudinal control law f o r t h e l e a d vehicle of a platoon in an automated highway. The proposed controller achieves a delicate balance between safety and passenger comfort. Furthermore, because it does not rely on any communication between platoons, it can be used even without having a fully automated highway system, as an AICC law. Additional, specialized merge, split and change lane controllers were also designed to complete the maneuvers in minimum time, with safety and comfort.
The control laws successfully passed the simulation test. Some of the results are shown in the plots in the Appendix. To carry out more thorough tests some decision making capability w as added to the regulation layer, in the form of a coordinating discrete event system. This addition also helped to make the regulation layer as autonomous as possible and to highlight its interaction with the coordination layer. The analysis of this interface design is presented in 14 . The resulting combination of the coordinator and the controllers presented here is currently being tested in the framework of the SmartPath simulation package see 15 . The complete regulation layer was used to introduce dynamics into SmartPath and therefore help with the design and testing of the link layer controller. Hopefully the simulation results will also give some useful insight i n to the hybrid control problem obtained by coupling discrete event a n d continuous time controllers.
Note that the stability of this controller still remains to be proved. This, along with the verication of the coordinator and the hybrid system resulting from the interaction, is the subject of current research. In the long run, the controller will be tested on real cars and, if necessary, an adaptive v ersion will be developed to estimate some of the model parame-ters and update the control scheme accordingly. A Performance using a uni ed controller
The uni ed controller was tested by extensive simulations using SmartPath 15 . The controller performed well and did not result in any collisions when faced with typical highway situations. Typical simulation results are shown in the next section.
Although it is di cult to prove stability performance for this kind of variable structure controller, we w i l l p r o vide some conservative b o u n d s on its performance when it is faced with typical conditions on a highway. F or this purpose, we will assume that the i th platoon is operating in its steady state. At t = 0, a disturbance is created in front of it either a step in e i or a step in v i or both. We also assume that for t 0, the acceleration of i , 1 th platoon is zero. It is shown in 16 that, for any disturbance that takes the state of the platoon leader to any point i n the regions Modi ed Pole Placement, Track Optimal Velocity or Track Self Velocity; the uni ed controller of Section 3 will return the state of the leader to its steady state operating point without a collision occurring. This is not true for all the points of the Track Velocity of Previous car region however. Suppose the i th platoon is moving at 25 m sec. If a vehicle changes lane 15 m in front of it recall that safety distance at 25m sec is 35m, then its velocity should be at least 3 m sec to avoid collision. Note that this type of severe disturbance demands large decelerations from the leader of the i th platoon. The collisions occur because the performance of the controller is limited by the capabilities of the vehicle. The following table provides the minimum velocity f o r v ehicles which are at a less than safe distance from the i th platoon leader so that a collision will not occur. 25  35  15  3  25  35  10  7  25  35  5  12  20  30  15  -20  30  10  3  20  30  5  8  15  25  15  -15  25 The higher layers of the hierarchy coordination and link layer should make sure that the state of the lead controller will remain in the region of guaranteed performance as calculated above.
B Simulation Results
The lead controller was successfully tested in simulations. We h a ve attached certain illustrative plots at the end. In all cases at time t = 0 the platoon i is considered to be in its steady state with a velocity o f 20m=sec. The plots correspond to following cases: Figure 9 The car in front of leader i slows down to 15m=sec resulting in a step change in velocity of 5m=sec. Note that the acceleration and jerk are within limits. The controller operates in the regions Track optimal velocity and Modi ed p ole placement. toon i. T h us e i and v i both have a n e g a t i v e s t e p of 10. This is a safety critical situation. Thus, momentarily the jerk is above limits but then comes back in limits immediately. The controller operates in the regions Track velocity of previous car and Modi ed p ole placement. Figure 15 The platoon merges to the one ahead.
The leading platoon is decelerating at 0:5m=s 2 while the maneuver takes place. This distorts the trajectories somewhat as the feedback tries to take care of the extra deceleration. Still, the position and velocity objectives are achieved zero nal velocity mismatch and intra-platoon spacing of 1m. Figure 16 The car becomes a leader and splits from the mother platoon. The mother platoon accelerates at 0:5m=s 2 while the maneuver takes place. Again the feedback distorts the trajectories but manages to achieve the objectives. Note that the nal safety spacing depends on the nal velocity. Platoon i does not have a n y car in its distance sensor for t 0. At t = 0, it sees a car 60m ahead going at a m uch l o wer speed of 5m=sec. 
